We report the first single crystal growth of the correlated metal LaNiO3 using a highpressure optical-image floating zone furnace. The crystals were studied using single crystal/powder x-ray diffraction, resistivity, specific heat, and magnetic susceptibility. The availability of bulk LaNiO3 crystals will (i) promote deep understanding in this correlated material, including the mechanism of enhanced paramagnetic susceptibility, and (ii) provide rich opportunities as a substrate for thin film growth such as important ferroelectric and/or multifer ro ic materials. This study demonstrates the power of high pO2 single crystal growth of nickelate perovskites and correlated electron oxides more generally.
INTRODUCTION
The perovskite nickelate LaNiO3 has been the subject of intense research in the past decades, ranging from quest for superconductivity in the bulk polycrystalline samples via doping by Bednorz and Müller 1 and in thin films, [2] [3] [4] triggered by theoretical work of Chaloupka and Khaliullin 5 that predicted the possibility of orbital ordering and high-Tc superconductivity in heterostructures based on LaNiO3, to the possibility of quantum criticality, 6, 7 and the applicatio n to thin film substrate selection (e.g., multiferroic materials and ferroelectric device) as seeding or buffer layer. [8] [9] [10] [11] However, certain fundamental issues surrounding the physics of LaNiO3 remain in question. In particular, whether LaNiO3 is a strongly or weakly correlated metal. The specific heat, susceptibility, T 2 dependence of resistivity 12 and an enhanced effective mass 13 indicate that LaNiO3 is well described as a strongly correlated metal; however, Gou et al. recently show from density functional theory calculations that the electronic screening effect originating from the hybridized Ni 3d and O 2p electrons are sufficiently strong that they reduce the electronic correlations, making LaNiO3 a weakly correlated metal. 14 Another question is whether LaNiO3 lies close to a quantum critical point. The idea comes from the evidence of a crossover from a fully gapped ground state in bulk RNiO3 (R=Pr-Lu) 15 to a pseudogap state in thin film LaNiO3. 7 More recently, Li et al. performed a local structural study on polycrystalline LaNiO3 and claimed that on the nanoscale, the crystal structure of the ground state is not rhombohedral; instead, there exist short range ordered regions of the local orthorhombic and monoclinic phases, 6 which might link to the pseudogap as observed in thin films. 7 Whether such a pseudogap exists in bulk LaNiO3 remains an open question. A third question is the nature of the enhancement (mass vs. Stoner enhancement) of the paramagnetic susceptibility. 6, 16, 17 To solve fundamental questions on LaNiO3 such that mentioned above, single crystals are needed. However, to date no such crystals have been available. 15, 18 In this contribution, we report the successful growth of single crystals of LaNiO3 using a high pressure floating zone furnace. We studied the crystal structure by combined single crystal x-ray and high-resolution powder x-ray diffraction. The resistivity, heat capacity and magnetic susceptibility were also characterized.
EXPERIM ENTAL SECTION
2.1 Solid-s tate reaction. Precursors for crystal growth were prepared via standard solidstate reaction techniques. La2O3 (Alfa Aesar, 99.99%) was heated at 600 °C for at least 24 hours before use. Stoichiometric ratios of La2O3 and NiO (Alfa Aesar, 99.99%) were thoroughly ground and then loaded into a Pt crucible. Since NiO is anticipated to volatilize during crystal growth, excess NiO (0~1.5%) was added for compensation. The mixture was heated in flowing O2 from room temperature to 1050 °C at a rate of 3 °C/min and allo wed to dwell at the temperature for 24 h, then furnace-cooled to room temperature. The solid was then reground, and sintered twice at 1050 °C with intermediate grinding. The powder was then hydrostatically pressed into polycrystalline rods (length~100 mm, diameter~8 
2.3
Single-crys tal structure determination. Single crystal x-ray diffraction data were collected with a STOE diffractometer (λ=0.71073 Å). Data reduction, integration and absorption correction were performed with the software X-AREA/X-SHAPE/X-RED. 19 The structure (see Fig. 2 ) was solved by direct methods and refined with full matrix leastsquares methods on F 2 . All atoms were modeled using anisotropic atomic displace me nt parameters (ADPs), and the refinements converged for I > 2σ (I). Calculations were performed using the SHELXTL crystallographic software package. 20 Details of crysta l parameters, data collection and structure refinement are summarized in Table I 
High-resolution powde r x-ray diffraction (HR-PXRD). Room-temperature HR-
PXRD data were collected at beamline 11-BM-B in the range 0.5° ≤ 2θ ≤ 50° with a step size of 0.001° and wavelength λ=0.459003 Å. The sample was prepared by load in g pulverized single crystals into a Φ0.8 mm Kapton capillary that was spun continuously at 5600 rpm during data collection. The obtained HR-PXRD data were analyzed using the GSAS 21 software with the graphical interface EXPGUI 22 using the single crystal structu r a l model as a starting point. Refined parameters include background, intensity scale factor, lattice parameters, atomic positions, isotropic atomic displacement parameters Uiso, and profile shape parameters. Shifted Chebyshev (20 terms) and pseudo-Voigt functions with anisotropic microstrain broadening terms (function #4) 23 were used for the background and peak profiles, respectively. For multiple phase refinements, the corresponding profile parameters were constrained to be the same. 
Resistivity.
Resistivity of LaNiO3 single crystals was measured on a Quantum Desig n PPMS in the temperature range of 1.8-300 K using a conventional four-probe method with contacts made with silver epoxy.
Specific heat.
Specific heat measurements were performed on a Quantum Desig n PPMS in the temperature range of 1.8-300 K. Apiezon-N vacuum grease was employed to fix crystals to the sapphire sample platform. Addenda were subtracted. Magnetometer equipped with an oven. Isothermal field-dependent magnetization at 300, 400, 500, 600, 700, 800, 900 and 1000 K were measured in a field range of 7 T.
Thermogravimetric analysis (TGA).
Oxygen content of LaNiO3 was determined by reduction in a 4% H2/N2 mixture on a thermogravimetric analysis balance (Mettler-To le do
Model TGA/DTA 1). Thoroughly pulverized samples (~50-100 mg) were placed in Al2O3
crucibles and heated at a rate of 10 °C/min to 900 °C, and held for 5 hours, and then cooled at 10 °C/min to room temperature. Raw data were corrected for buoyancy and baseline drift and were repeated to establish measurement precision of <0.005 O per formula unit. it is expected that high pO2 might enhance the stability of this phase. Fig. 1 shows an as-grown boule of LaNiO3 at 50 bar pO2 using traveling rate of 3 mm/h using a fast-passed boule as feeding rod. We performed x-ray diffraction experiment at various positions of the boule (every 5 mm) at room temperature at beamline 11-ID-C at APS. As can be seen clearly, the seed, which was the same as feed rod, is polycrystalline powder, consisting of La3Ni2O7, La2NiO4 and NiO (Figs.1b,j) . After melting at 50 bar pO2, LaNiO3 forms, which is also polycrystalline (Figs.1c,k) . With progressive growth, the grains of LaNiO3 enlarge (Figs.1b-e), and it can be readily seen from the x-ray diffrac tio n patterns that after traveling ~20 mm (~7 h), a single domain has almost formed (Figs. 1f-i ). Weak scattering peaks not indexed on LaNiO3 can be attributed to NiO (see below). Use of a seed crystal may accelerate this grain selection process, but we did not test this.
To check for the presence of impurities in the as-grown boule, we took a sample from the growth position in the area around that identified in Fig. 1i , ground it and performed highresolution powder x-ray diffraction measurements at the 11-BM-B beamline at the APS. We found there exist a substantial amount of NiO ̶ (4.9wt%) with the remaining 95.1wt% attributable to LaNiO3. We attribute this to the 1.5% excess of NiO added to compens a te for the anticipated loss of this volatile component during growth.
To grow high-quality single crystals, growth conditions such as composition of startin g materials, pO2, traveling rates and rotation speed were explored and optimized. Among the parameters tested, the growth outcome is most sensitive to starting material compositio n and pO2. After many attempts, we find that best growth conditions are: starting mater ia ls with stoichiometric ratio of La and Ni, 40 bar pO2, 3 mm/h growth rate, and rotation speed 15 rpm. We performed high-resolution powder x-ray diffraction on the sample grown using these conditions, and found that there exists a minute impurity fraction, consisting of the n=3 Ruddlesden-Popper phase La4Ni3O10 (1.0wt%) and NiO (0.5wt%) with quality of fit 4 Resistivity of LaNiO3. Inset shows fit to the power law ρ= ρ0+AT n .
Physical prope rties.
The temperature dependence of resistivity of LaNiO3 single crystals under zero magne tic field is shown in Fig. 4 . As expected, LaNiO3 exhibits metallic behavior in the who le temperature range with the resistivity varying from 13.84 μΩ cm at 1.85 K to 125 μΩ cm at 300 K. No hysteresis between the warming and cooling process has been observed. The low-temperature resistivity (1.8-30 K) obeys the functional dependence on T expected of a Fermi liquid, i.e., n=2 in the power law ρ= ρ0+AT n with fit parameters ρ0=13.91 μΩ cm and A=2.24×10 -9 Ω cm/K 2 . The obtained ρ0 is a bit higher than that in Ref. 16 (~8 μΩ cm)
possibly due to the presence of oxygen vacancies (see below). The fit parameter A is comparable to that obtained from cold-pressed polycrystalline sample, 1.8×10 -9 Ω cm/K 2 . 16 However, allowing the exponent to vary leads to a slightly better fit, with ρ0=13.85 μΩ cm, A=4.37×10 -9 Ω cm/K 2 and n=1.8. This deviation of Fermi liquid behavior may reflect that
LaNiO3 is close to a quantum critical point. Additional scrutiny of this behavior will be required to fully explore this conjecture. shown to be more complex, and neither Curie-Weiss nor Pauli, the latter expected of a metal. 28 This deviation from Pauli paramagnetism is consistent with previous reports on the enhancement of magnetic susceptibility. 16, 17 Interestingly, a broad maximum center ed around 200 K appears for our specimens (reproduced in four samples), which is not found in Zhou et al.'s data. 16 However, the two sets of data converge near 300 K and the high temperature behavior is consistent with that expected by extrapolation of the data of Ref.
16. We suggest three possible origins for the broad maximum at around 200 K. First, it may reflect a behavior intrinsic to LaNiO3 that has been previously obscured in the absence of single crystal specimens. In this regard, we do note that Li et al. 6 also find an anomaly at around 200 K. A second possibility is that the feature may be related to the presence of oxygen nonstoichiometry in our crystals. To this point, TGA measurements establish the oxygen content of our crystals at 2.985(3), i.e., ~0.015(3) vacancies/formula unit, a sma ll but potentially significant deviation from stoichiometry. Annealing the samples in high pO 2 after growth may provide a means to test this as the underlying cause of the 200 K maximum. Such defects may also contribute to the somewhat higher   than that reported by Zhou et al. 16 Finally, the 200 K feature may reflect contribution(s) from impurity phase s :
La4Ni3O10 or NiO found in ~1% or lower concentration from high-resolution synchro tr o n x-ray powder diffraction, or some other weakly scattering or non-crystalline impurity that was not detected via x-ray diffraction. We note that the magnetic susceptibility of La4Ni3O10 shows some similarities to the data in Fig.6(b) as it increases with the increas in g of temperature in the range of 140-400 K, 13 and that NiO nanoparticles can show broad peaks centered at various temperatures depending on the particle size. 29 Further study of our single crystals will be required to establish the origin of this broad feature in the susceptibility.
CONCLUSION
We have successfully grown the first single crystals of the perovskite nickelate LaNiO 3 .
These single crystals provide an ideal platform to understand fundamental questions related to this material as well as a potential substrate to grow important thin films due to its suitable lattice (a~3.84 Å in pseudo cubic setting). 
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